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STATIC EXERCISE IS WELL KNOWN to increase mean arterial pressure and sympathetic neural activity to maintain an adequate perfusion of metabolically active muscles. The pressor and sympathetic responses to static exercise are believed to be caused in part by the exercise pressor reflex (3, 23, 25, 39) . The afferent arm of the reflex consists of group III and IV afferents (23) , the endings of which are stimulated by both mechanical and metabolic stimuli arising in contracting muscles (16, 17) . For the most part, group III afferents are thought to be responsive to mechanical stimuli, whereas group IV afferents are thought to be responsive to metabolic stimuli arising in the contracting muscles (15) .
Lactic acid is believed to be one of the substances that evoke the metabolic component of the exercise pressor reflex. For example, lactic acid concentrations in the muscle interstitium are increased by contraction (22) . In addition, lactic acid injected into the arterial supply of skeletal muscle reflexly increased arterial pressure, heart rate, and ventilation (32) , as well as increased the discharge of group III and IV muscle afferents (31) . Furthermore, blunting lactic acid production by either dichloroacetate or glycogen depletion decreased the exercise pressor reflex (7, 35) .
If lactic acid is involved in evoking the exercise pressor reflex, then the blockade of its receptors, namely, acid sensing ion channels (ASICs), should attenuate the pressor response to exercise. In fact, the injection of amiloride, an ASIC antagonist, decreased the pressor response to exercise (10) . Amiloride, however, is not specific to ASICs because it also blocks epithelial sodium channels (ENaCs), channels that are mechanoand metabosensitive and thought to play a role in cardiovascular regulation (5) . Moreover, the concentration of amiloride needed to block ENaCs is 10-fold lower than that needed to block ASICs (18) . When an ASIC-specific antagonist A-317567 became available, we used it to block ASICs during a static contraction. We found that A-317567, which does not appear to block ENaCs, reduced the pressor response to static contraction of freely perfused muscles (12) . Our finding suggested that lactic acid working through ASICs, and not ENaCs, may play an important role in evoking the exercise pressor reflex.
The question then became, Do ASICs evoke the exercise pressor reflex through activation of mechanoreceptors, metaboreceptors, or a combination of both? To answer this question, the reflex effects of mechanoreceptors and metaboreceptors need to be separated. Therefore, we first investigated the role played by ASICs on mechanoreceptors by analyzing renal sympathetic nerve activation at the first 5 s of static contraction (24) . The renal sympathetic nerve responses to contraction, during this time period, were not different before and after amiloride injection, a finding that suggested that the mechanoreceptor component of the exercise pressor reflex was not mediated by ASICs (24) . Thus the present study is our effort to determine whether ASICs on thin fiber muscle afferents play a role in evoking the metabolic component of the exercise pressor reflex. The reflex effect evoked by metaboreceptors was isolated from those evoked by mechanoreceptors by measuring arterial pressure and renal sympathetic nerve responses during postcontraction circulatory occlusion, a maneuver that trapped metabolites in the vasculature of the hindlimb muscles (1).
We used amiloride and A-317567 to determine the effect of ASIC blockade on the pressor responses to both static contraction during circulatory occlusion and to postcontraction circulatory occlusion in decerebrated cats. We tested the hypothesis that ASICs play a role in evoking the metabolic component of the exercise pressor reflex.
METHODS
All procedures were reviewed and approved by the Institutional Animal Care and Use Committee of the Pennsylvania State University, Hershey Medical Center.
Surgical Preparation
Adult cats (n ϭ 30; 3.3 Ϯ 0.4 kg; and range, 2.6 -5.0 kg) of either sex (8 males, and 22 females) were anesthetized with a mixture of 5% isoflurane-95% oxygen. The right jugular vein and common carotid artery were cannulated for the delivery of drugs and fluids as well as for the measurement of arterial blood pressure. The carotid arterial catheter was connected to a pressure transducer (model P23 XL, Statham) to monitor blood pressure. Heart rate was calculated beat to beat from the arterial pressure pulse (Gould Biotach). The trachea was cannulated, and the lungs were ventilated mechanically (Harvard Apparatus). Arterial blood gases and pH were measured by an automated blood gas analyzer (model ABL-700, Radiometer). PCO2 and arterial pH were maintained within normal range by either adjusting the ventilation or the intravenous administration of sodium bicarbonate (8.5%). A temperature probe was passed through the mouth to the stomach. The temperature was continuously monitored and maintained at 37-38°C by a water-perfused heating pad and a heat lamp.
In 10 cats, the left external iliac artery and common iliac vein were isolated, and snares were placed around these vessels, which, when tightened, trapped the injectate in the circulation of the leg. The left triceps surae muscles, left popliteal artery, and left tibial nerve were isolated. In 20 cats, the left common iliac vein and abdominal aorta were isolated, and snares were placed around these vessels to trap the drugs in the circulation of the leg. In addition, the sacral artery that perfuses the tail was ligated. A catheter with its tip pointing toward the heart was passed into the right femoral artery. When the snare placed around the abdominal aorta was tightened, the fluid injected from the right femoral artery flowed into the left external iliac artery. This was checked in every cat by injecting saline into the catheter in the right femoral artery and seeing blood exit the left external iliac artery, leaving it clear. The volume of saline needed to clear the left femoral artery, which was usually 0.15 to 0.2 ml, was used to flush the drugs used in this experiment. In these 20 cats, a laminectomy was also performed to expose the lower lumbar and sacral portions of the spinal cord.
Following the placement in a Kopf stereotaxic frame, each cat was decerebrated at the midcollicular level under isoflurane anesthesia. Dexamethasone (4 mg) was injected intravenously just before the decerebration procedure to minimize brain edema. The left common carotid artery was tied off to reduce bleeding. All neural tissue rostral to the midcollicular section was removed, and the cranial vault was filled with agar.
A renal nerve bundle was carefully isolated from the renal plexus and surrounding connective tissue near the renal artery and vein. The nerve was cut and its central end was draped over a pair of silver wire electrodes (bare diameter, 76 m) insulated with Teflon (A-M Systems). The nerve-electrode complex was then covered with a mixture of silicone gel (Kwik Sil, World Precision Instruments). The electrode wire for recording renal sympathetic nerve activity (RSNA) was placed outside of the incision site, and the abdominal wound was closed. The electrode was attached in series with a high-impedance probe (model HIP 511, Grass) and then amplified (model P511, Grass). RSNA was displayed on a storage oscilloscope (HewlettPackard) and made audible. The amplifier was filtered between 100 Hz and 3 kHz. The cat was then placed in a Kopf spinal unit.
In the 20 cats in which a laminectomy was performed, we used the skin on the back to form a pool that was filled with warm (37°C) mineral oil. The dura of the cord was cut and reflected, allowing a visual identification of the spinal roots. The left L6, L7, and S1 ventral roots were identified and cut. The peripheral cut ends were draped over a stimulating electrode. In all cats, the left calcaneal bone was cut, and its tendon was attached to a force transducer (model FT-10C, Grass) for measurement of the tension developed during static contraction of the left triceps surae muscles. The knee joint was secured to a post. Once the surgeries were completed, the anesthesia was withdrawn from the decerebrated cat and the lungs were ventilated with room air.
Experimental Protocols
Amiloride. We assessed the effect of amiloride (0.5 g/ kg; SigmaAldrich, St. Louis, MO) on the reflex pressor, cardioaccelerator, and renal sympathetic nerve responses to four stimuli: 1) static contraction of the left triceps surae muscles while their circulation was occluded, 2) circulatory occlusion immediately after static contraction of the left triceps surae muscles, 3) static contraction of the freely perfused left triceps surae muscles, and 4) injection of lactic acid (24 mM; 0.5-1.0 ml) into the left popliteal artery or left femoral artery. Static contraction is a combined mechanical and metabolic stimulus, whereas the circulatory occlusion immediately after static contraction is purely a metabolic stimulus. Contraction and postcontraction circulatory occlusion were each applied for 60 s. The triceps surae muscles were contracted statically by electrically stimulating the left tibial nerve (40 Hz, 25 s, 2 times motor unit threshold) or L6, L7, and S1 ventral roots (40 Hz, 100 s, 2 times motor unit threshold). Baseline tension was set at 0.5-0.7 kg. Arterial blood pressure, heart rate, and RSNA were recorded for 60 s before, during, and after static contractions. Injections of lactic acid were accomplished by gently inserting a 30-gauge needle into the popliteal artery or injecting into the contralateral femoral artery catheter. Lactic acid was injected over ϳ10 s into the vasculature of the triceps surae muscles. Before injecting lactic acid into the popliteal or femoral artery, we paralyzed the cat by injecting intravenously rocuronium bromide (0.5-0.7 mg/kg). The maneuvers were repeated 20 -30 min after the injection of amiloride (0.5 g/ kg) into the left popliteal artery or left femoral artery. Immediately before injecting amiloride, we tightened the snare placed around the left common iliac artery and vein or abdominal aorta and left common iliac vein. Amiloride was then injected into the left popliteal or contralateral femoral artery, and the snares were maintained for 10 min, after which they were released and the hindlimb was freely perfused. At this point, the left triceps surae muscles were contracted, followed by an injection of lactic acid. Amiloride exhibits peak attenuation of the exercise pressor response by 30 min and is no longer effective 60 min after injection at this dose (0.5 g/ kg) (10) .
A-317567 compound protocol. We ran the protocol described above for the amiloride protocol for static contraction while the circulation was occluded and postcontraction circulatory occlusion before and after injection of A-317567 (10 mM; 0.5 ml; A-317567 was prepared by Dr. J. Rainer, University of Utah). However, based on our prior study (12) , the blockade of ASICs by A-317567 loses its efficacy starting 20 min after its injection. Time constraints prevented us from contracting a freely perfused muscle or injecting lactic acid. Immediately before injecting A-317567, we tightened the snare placed around the abdominal aorta and left common iliac vein. A-317567 was injected into the contralateral femoral artery, and the snares were maintained for 3 min, after which they were released and the hindlimb was freely perfused. Static contraction while the circulation was occluded was repeated at 10 min after the injection of A-317567 (10 mM; 0.5 ml) into the left femoral artery.
Control protocol. We ran the exact protocol described above for the A-317567 compound protocol, but instead of injecting A-317567, we injected saline (0.9% sodium chloride; 0.5 ml). We used saline, the vehicle used for dissolving amiloride and A-317567, to ensure that the pressor, cardioaccelerator, and RSNA responses to ischemic contraction were repeatable in our preparation and that the attenuation we documented in the two previous protocols was due to the injection of amiloride or A-317567.
Data Analysis
Tibial nerve and ventral root stimulation produced similar results; thus the data were pooled. Mean arterial blood pressure, heart rate, and RSNA values were expressed as means Ϯ SE. Baseline mean arterial blood pressure and heart rate were measured immediately before a maneuver, and peak mean arterial blood pressure and heart rate were measured during injection of lactic acid as well as during the 60 s of static contraction or postcontraction circulatory occlusion. RSNA was rectified and integrated (Spike 2), and 60-s values were used to compare the differences between baseline and the response to each maneuver. The integrated voltage found after hexamethonium injection (see RESULTS) was subtracted from the integrated RSNA values. The tension-time index was calculated by integrating the area between the tension trace and the baseline level (Spike 2) (in kg ⅐ s) (29) . Statistical comparisons were performed with either a one-or two-way repeated-measures ANOVA. If significant main effects were found with an ANOVA, post hoc tests were performed with the Tukey test between individual means. The criterion for statistical significance was P Ͻ 0.05.
RESULTS
We pooled the control circulatory occluded contraction data from the 30 cats to determine the average mean arterial pressure, heart rate, and renal sympathetic nerve responses to the circulatory occluded contraction and the postcontraction circulatory occlusion. We found that, on average, mean arterial pressure was increased during circulatory occluded contraction and remained above baseline in the postcontraction circulatory occlusion (P Ͻ 0.05; Fig. 1 ). Heart rate and RSNA were increased during circulatory occluded contraction (P Ͻ 0.05) but were no longer elevated above baseline during postcontraction circulatory occlusion (both, P Ͼ 0.28; Fig. 1 ). To isolate metaboreceptors from mechanoreceptors, we examined variables that had significant increases over baseline values during the postcontraction circulatory occlusion. Consequently, we focused on analyzing the pressor response to postcontraction circulatory occlusion before and after amiloride, A-317567, or saline injections to test our hypothesis.
Amiloride
After a latent period of 30 min, amiloride attenuated the pressor response to a static contraction with the circulation occluded (n ϭ 12; P Ͻ 0.05; Fig. 2 ). Before amiloride, the peak pressor response during postcontraction circulatory occlusion was lower than the peak pressor occurring during static contraction with the circulation occluded, but it was still elevated above baseline (P Ͻ 0.05). After amiloride, the mean arterial pressure was not increased in response to postcontraction circulatory occlusion (P ϭ 0.18). The tension-time index before amiloride injection for the static contraction with the circulation occluded was not different from that at 30 min after injection (P ϭ 0.40; and Table 1) .
A-317567
After a latent period of 10 min, A-317567 reduced the pressor response to contraction with the circulation occluded and the pressor response to postcontraction circulatory occlusion (n ϭ 7; P Ͻ 0.05; Fig. 2 ). Before A-317567, the peak pressor response during the postcontraction circulatory occlusion was lower than the peak pressor occurring during static contraction with the circulation occluded, but it was still elevated above baseline (P Ͻ 0.05). After A-317567, the mean arterial pressure was not increased in response to postcontraction circulatory occlusion (P ϭ 0.70). The tension-time index before A-317567 injection for the static contraction with the circulation occluded was not different from that at 10 min after injection (P ϭ 0.50; and Table 1) . Fig. 1 . The peak pressor (n ϭ 30 cats; A) and cardioaccelerator (n ϭ 30 cats; B), and renal sympathetic nerve (n ϭ 28 cats; C) responses to both circulatory occluded contraction (CTX) and postcontraction circulatory occlusion (PCO). Bars represent means Ϯ SE. *P Ͻ 0.05, significant difference between baseline and peak.
Saline
After a latent period of 10 min, saline had no effect on the pressor response to contraction with the circulation occluded or the pressor response to postcontraction circulatory occlusion (n ϭ 11; P Ͼ 0.79; Fig. 2 ). The mean arterial pressure was reduced from the contraction with the circulation occluded to the postcontraction circulatory occlusion (P Ͻ 0.05) but remained above baseline (P Ͻ 0.05). The tension-time index before saline injection for the static contraction with the circulation occluded was not different from that at 10 min after injection (P ϭ 0.50; and Table 1) .
Control Experiments
In nine cats, we compared the pressor and renal sympathetic nerve responses to a freely perfused contraction with those to a circulatory occluded contraction. We found that the pressor and renal sympathetic nerve responses to contraction were greater when the circulation was occluded than those to contraction when the muscles were freely perfused (both, P Ͻ 0.05; Fig. 3 ). We also found that in each of the 9 cats tested, amiloride attenuated the pressor response to the freely perfused contraction (before, 25 Ϯ 5; and after, 15 Ϯ 5 mmHg; P Ͻ Fig. 2 . Effects of amiloride (n ϭ 12 cats; A), A-317567 (n ϭ 7 cats; B), and saline (n ϭ 11 cats; C) on the pressor responses to contraction while the circulation was occluded (CTX) and to postcontraction circulation occlusion (PCO). Bars represent means Ϯ SE. *P Ͻ 0.05, significant difference between baseline and peak; †P Ͻ 0.05, significant difference between CTX and PCO; ‡P Ͻ 0.05, significant difference between control and amiloride. Values are means Ϯ SE; n, number of cats. TTI, tension-time index. Fig. 3 . Effects of amiloride on pressor (A) and renal sympathetic nerve (B) responses to static contraction while the muscles were freely perfused and while the circulation was occluded both before and after amiloride. Bars represent means Ϯ SE. *P Ͻ 0.05, significant difference between control and amiloride; †P Ͻ 0.05, significant difference between freely perfused and circulatory occluded contraction. Data are means Ϯ SE; n ϭ 9 cats.
0.05). The tension-time index before amiloride injection for the freely perfused static contraction was not different from that at 30 min after injection (before, 114 Ϯ 13 vs. after, 111 Ϯ 10 kg⅐ s; P ϭ 0.65).
In 10 cats in which we contracted the triceps surae muscles, we compared the pressor and renal sympathetic nerve responses to lactic acid, injected into the popliteal artery, before amiloride with those to lactic acid, ϳ30 min after amiloride was injected into the popliteal artery. We found that in each of the 10 cats tested, amiloride attenuated the pressor (before, 36 Ϯ 4; and after, 19 Ϯ 3 mmHg) and renal sympathetic nerve (before, 317 Ϯ 94; and after, 83 Ϯ 22% change from baseline) responses (both P Ͻ 0.05).
In addition, an intravenous injection of hexamethonium bromide (20 mg/kg) abolished the renal sympathetic discharge in each of the 30 cats tested.
DISCUSSION
The purpose of our experiments was to determine whether ASICs on thin fiber muscle afferents played a role in evoking the metabolic component of the exercise pressor reflex. We blocked ASICs on these afferents by injecting two structurally different ASIC antagonists, amiloride and A-317567, into the arterial circulation of the muscles being contracted. The efficacy of the blockade with amiloride was confirmed by showing that the pressor and renal sympathetic nerve responses to popliteal arterial injection of lactic acid were attenuated by about half. In addition, we ensured that the attenuation of the pressor response to contraction was due to the blockade of ASICs and not to a deterioration of our preparation by finding that the pressor response was matched before and after saline injection. We found that the pressor response to postcontraction circulatory occlusion, when only metaboreceptors were stimulated, was attenuated with both ASIC antagonists. This finding suggests that ASICs play a role in evoking the metabolic component of the exercise pressor reflex.
RSNA increased in response to static contraction while the circulation was occluded. During postcontraction circulatory occlusion, however, the activity returned to baseline levels, even though mean arterial pressure remained elevated. In a small subset of cats (8 of 30), renal nerve activity was elevated (i.e., Ͼ10% increase above baseline) in the postcontraction period. The lack of an overall renal sympathetic nerve response to postcontraction circulatory occlusion could mean that, in the majority of cats, the renal sympathetic outflow is more under the control of mechanoreceptors than metaboreceptors. In support of this notion, Momen and colleagues (27) determined that mechanoreceptors played a primary role in the activation of renal vasoconstriction during static exercise in humans. Alternatively, the lack of a renal sympathetic nerve response to postcontraction circulatory occlusion could be due to baroreflex control of RSNA. Thus the baroreflex could be shutting off RSNA when muscle contraction stops, even though metaboreceptors in skeletal muscle are still being stimulated, albeit at a lower level than that during contraction. Thus other vascular beds that are under more modest baroreflex control will have increased sympathetic activation, thus contributing to the pressor response noted during postcontraction circulatory occlusion.
The present study provides further support that ASICs, but not ENaCs, contribute to the exercise pressor reflex. The findings from the freely perfused protocol (i.e., the pressor and RSNA responses were attenuated with amiloride) are consistent with our previous study investigating the role of ASICs on the stimulation of mechanoreceptors during exercise (24) . Unfortunately, a limitation in that study was that we did not know whether the attenuation of the pressor and renal sympathetic nerve responses were from ASICs and/or ENaCs. We would like to suggest that amiloride blocked ASICs in that protocol because A-317567 also attenuated the pressor and renal sympathetic nerve responses to ischemic contraction. We are fairly confident in this suggestion since amiloride and A-317567 are structurally different and A-317567 is a specific antagonist for ASICs (6) .
ASICs activate metaboreceptors but not mechanoreceptors during static contraction (24); we cannot say whether ASICs activate group IV and/or group III afferents. The majority of group III afferents are mechanoreceptors, whereas the majority, if not all group IV afferents, are metaboreceptors (11, 15) . However, close arterial injections of lactic acid, in concentrations consistent with those generated by muscle contraction, stimulated both group III and IV afferents (8, 31, 34, 38) . In addition, the reduction of lactic acid production with dichloroacetate reduced the discharge rate of group III afferents (34) . Electrophysiological investigations will determine whether ASICs activate group IV and/or group III afferents during exercise.
A strong role for lactic acid working through ASICs has also been found in the sensation of pain, especially that caused by ischemia. Of the four ASIC subtypes, ASIC3 seems to be the most likely channel responding to muscle contraction. Specifically, ASIC3 was found to be expressed almost exclusively in dorsal root ganglion neurons (20, 40, 41) and in very high levels on neurons sensitive to metabolites (2, 26, 37) . In addition, ASIC3 knockout mice did not respond to noxious stimuli, whereas their wild-type counterparts did (30) . Moreover, ASIC3 channels open when the pH drops from 7.4 to 7.0 (37) and can sustain current at a pH of 7.0 (42); this pH is consistent with that found during ischemic exercise (4, 33) .
Lactic acid is not the only metabolite that has been suggested to evoke the metabolic component of the exercise pressor reflex. Individual blockade of ATP receptors or prostaglandin production can each reduce the exercise pressor reflex by half (9, 19, 36) . One wonders how all of these substances can be responsible for the reflex when adding the individual magnitudes of the reduction in the reflex far exceeds 100%. An answer to this question comes from two lines of evidence suggesting that the combination of metabolites is the key to activation of group III and IV afferents during muscular exercise. The first line of evidence offered by McCleskey and colleagues found that lactate and ATP greatly potentiated the effect of an acidic pH (ϳ7.0 -6.8) on the activation of ASIC3. When ASIC3 was activated by a pH of 7.0, the current was 80% greater in the presence of physiological levels of lactate than when lactate was not present (13) , an effect that was attributed to the chelation of calcium by lactate (14) . In addition, the levels of ATP that are consistent with those released during ischemic contraction also increase current through ASIC3. Lactate has a relatively quick effect on ASICs, whereas ATP needs 15-60 s after its application for a peak effect on ASICs; moreover, current through the channel remains high for minutes even after ATP has been removed (14, 28) . The second line of evidence found that combinations of protons, lactate, and ATP were needed to activate cultured dorsal root ganglion cells (21) . When the cells were exposed to just one of the metabolites, only a small stimulatory effect on cells was measured, whereas when the cells were exposed to a combination of the three metabolites, the effect far exceeded the summation of each one individually (21) . These investigations provide evidence that not just one metabolite or receptor can be the sole contributor to the reflex but that combinations of metabolites act synergistically on two or more receptors for the full expression of the reflex.
In conclusion, we found that the pressor response to postcontraction circulatory occlusion, when only metaboreceptors were stimulated, was attenuated with both ASIC antagonists. This finding suggests that ASICs play a role in evoking the metabolic component of the exercise pressor reflex. Nevertheless, as discussed, more than one receptor is likely responsible of the full expression of the exercise pressor reflex.
